Rationally redesigned variants of the 4-helix-bundle protein Rop are described. The novel proteins have simplified, repacked, hydrophobic cores and yet reproduce the structure and native-like physical properties of the wildtype protein. The repacked proteins have been characterized thermodynamically and their equilibrium and kinetic thermal and chemical unfolding properties are compared with those of wild-type Rop. The equilibrium stability of the repacked proteins to thermal denaturation is enhanced relative to that of the wild-type protein. The rate of chemically induced folding and unfolding of wild-type Rop is extremely slow when compared with other small proteins. Interestingly, although the repacked proteins are more thermally stable than the wild type, their rates of chemically induced folding and unfolding are greatly increased in comparison to wild type. Perhaps as a consequence of this, their equilibrium stabilities to chemical denaturants are slightly reduced in comparison to the wild type.
It has long been recognized that the energetically favorable effect of shielding hydrophobic residues from aqueous solvent contributes significantly toward the stability of a folded protein (Kauzmann, 1959; Dill, 1990 , and references therein). Moreover, recent studies suggest that the exclusion of hydrophobic residues from solvent may also play a major role in specifying the overall shape, or fold, of a protein (Lau & Dill, 1989) . Nevertheless, precisely how internal packing determines both the structure and characteristic physical properties of natural proteins remains unresolved. In this paper, we address these issues by redesigning the hydrophobic core of a protein and reproducing, with a simplified amino acid sequence, both its structure and native-like properties.
Several groups have reported de novo designs for small proteins (Regan & DeGrado, 1988; Goraj et al., 1990; Hecht et al., 1990; Kamtekar et a]., 1993) . in complementary studies, genetic selections and screens have revealed that the substitution of different combinations of residues in the core can be compatible with maintaining the overall shape of a protein (Lim & Sauer, 1989 Baldwin et al., 1993) . However, the majority of molecules produced by selection or design more closely resemble the "molten globule" intermediates of protein folding (Kuwajima, 1989) than they resemble native proteins. Although they are Reprint requests to: Lynne Regan, Department of Molecular Biophysics and Biochemistry, Yale University, 266 Whitney Avenue, New Haven, CT 06520-81 14; e-mail: regan%hhvmsS@venus.cis.yale.edu. compact, with a significant amount of secondary structure, their interiors are not native-like. The hydrophobic residues are condensed and partially shielded from solvent but do not achieve a tightly packed and uniquely positioned core. Only a select few combinations of residues in the core fulfill the strict requirements necessary to produce a native-like protein (Ponder & Richards, 1988; Lim & Sauer, 1991; Baldwin et al., 1993) . It has also been suggested that designs that rely upon burial of hydrophobic residues as the primary determinant of the fold will be unsuccessful in reproducing the properties of natural proteins, because hydrophobic interactions provide insufficient directionality and specificity (Behe et al., 1991) .
In this paper, we describe the complete redesign of a protein's hydrophobic core. Our motivation was to determine if it is possible to design simple, repetitive sequences that generate proteins with native-like properties.
Results

Repacking designs
The focus of our repacking studies is the 4-helix-bundle protein Rop (also known as Rom) (Twigg & Sherratt, 1980) . The natural function of Rop is to bind to a specific complex of 2 RNA molecules and thereby mediate the regulation of ColEl plasmid copy number in Escherichia coli (Cesareni & Banner, 1985; Polisky, 1988 Ala and Leu Cys Leu Ala. The latter is shown in Figure 2B . Our repacked Rop proteins are based upon the repetition of a simplified, idealized layer in which Ala and Leu are present at the a and d positions, respectively. In our designs, the layers are arranged in an alternating pattern, such that the Leu residue of one layer packs against Ala residues in the preceding and succeeding layers, thus maintaining the regular structure of the bundle. Molecular modeling studies suggested that this design was compatible with regenerating a well-packed hydrophobic core, without requiring major displacements of atoms in the main chain or of other residues. Hence, it was expected that the E repacked proteins would reproduce the wild-type protein structure. Since wild-type Rop has evolved to optimize its in vivo function, it does not necessarily represent the most stable form of the protein. Therefore, we anticipated that the repacked proteins might be more stable as a consequence of the regular packing.
The 2 outer layers appear somewhat unusual, as they include a Phe residue (Phe 56 or its symmetry-related partner, Phe 156). A priori, it was not clear whether Phe 56 plays a unique struc- turd role, or whether an intact hydrophobic layer is the only requirement (Castagnoli et al., 1989) . Consequently, to investigate its role we designed 2 versions of our repacked protein, one in which all 8 layers are repacked (Rop21) and one in which only the central 6 layers are repacked while the outer 2 retain the wildtype sequence (Ropl3). Figure 3 
Protein production and structural characterizations
The genes encoding Ropl 1, 13, and 21 were synthesized and expressed using the vector pMRlOl (Munson et al., 1994) . All 3 proteins are produced at high levels in soluble form in the cytoplasm of E. coli and can be purified using the protocol developed for wild-type Rop. In addition, the mutant proteins have the same retention times as wild-type Rop when chromatographed on a Superdex 75 (Pharmacia) gel filtration column.
The high expression levels and chromatographic properties of the repacked proteins gave the first indication that they are stably folded and that their oligomerization state has not been affected by the repacking of the hydrophobic cores (Harbury et al., 1993) . Finally, the C D spectra of the repacked proteins closely resemble that of the wild type and indicate high helical content.
Although the above results suggest that the repacked Rop proteins are structurally similar to the wild type, a more sensitive test of structural integrity is provided by comparing the affinity of each protein for the RNA substrate. Rop's natural function is to facilitate the association of two complementary RNA molecules by interacting with their stem-loop structures (Cesareni & Banner, 1985; Polisky, 1988) . In vivo, these stem-loop structures are part of large RNA molecules, but in vitro, purified Rop specifically recognizes and binds the isolated stem-loop hairpin pairs (Eguchi & Tomizawa, 1990) . This interaction can be detected using a polyacrylamide gel mobility shift assay (R. Crothers, pers. comm.) . Using this assay, we demonstrated that each of the proteins is able t o bind to the RNA complex. Figure 4 shows the gel mobility assay, illustrating the resolution of the free RNA molecules, the RNA hairpin pair, and the RNA hairpin pair-Rop complex. In addition, we were able to compare the affinities of the proteins for the RNA 2 3 4 201 8 substrate, as described in the Materials and methods section. Ropl3 binds the RNA complex with an affinity that is comparable to that of wild type, while the affinity of Rop21 is reduced by approximately 5-fold. Thus, the RNA-binding properties of the repacked proteins indicate that they fold into a structure that is closely similar to that of the wild type.
Stability measurements
The thermal stability of the repacked proteins was compared using CD to monitor the ellipticity at 222 nm as a function of temperature. Figure 5 shows the data from thermal denaturation studies of Ropll, 13, and 21. It is clear that as the number of repacked layers increases, the melting temperature of the proteins increases dramatically, from approximately 64 "C for Ropl 1 to 91 "C for Rop2l. These data are summarized in Table l , column l.
Because the repacked proteins denature at such high temperatures, it was not possible to baseline correct satisfactorily the CD data to calculate the van't Hoff enthalpies of thermal denaturation. We therefore used differential scanning calorimetry (DSC) to determine accurately the melting temperatures and the van't Hoff and calorimetric enthalpies (AHvH and AHca,) associated with the denaturation transition for all 3 proteins. Figure 6 shows typical scans for wild type and each of the repacked proteins. The DSC data are summarized in Table 1 . It should be noted that these data were all accumulated at pH 7, so that the values quoted for the change in heat capacity (AC,) are in all cases the means of the values obtained in the individual scans. It is well known that such values are in general less reliable than values obtained from the usually linear plots of AH,,, versus tl,2 (the temperature of half-completion of the transition) where tIl2 has been varied by varying the pH of the experiment. Experiments at various pH values are now under way and should lead to more reliable values for the important thermodynamic parameter AC,, which will be reported at a later time.
The values for tIl2 given in Table 1 , column 2, indicate relative stabilities for the proteins that are in agreement with the results of CD measurements of thermal stability, shown in Table 1 , column 1. The values for T, measured by CD are slightly lower than the values for partly because the CD measurements were made at a protein concentration of 20 pM, whereas the concentrations used in the DSC measurements were around 0.3 mM. Because the thermal unfolding involves dissociation of the dimeric native protein, N2 ++ 2D, the mid-temperature of the unfolding is a function of the protein concentrations. Thus, according to the van't Hoff expression we should expect
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where [ P I , is the total protein concentration. The differences between the transition temperatures observed in the CD versus DSC studies are in accord with Equation 2. The concentration ranges employed within the series of DSC measurements were insufficient to produce significant variations in t 1 / 2 between experiments.
Because of the uncertainties in the values for A c , , we deemed it inadvisable to perform the long extrapolations re- a These values were calculated as described in the Materials and methods. The values listed in columns 3-6 are mean values * the standard error of the mean and represent the average of 6 experiments for Ropll, 7 for Ropl3, and 8 for Rop21. T, is the melting temperature from the CD thermal denaturation studies.
t , , , is the temDerature of half-completion of the DSC thermal denaturation transition.
., -AHcnl is the calorimetric enthalpy. e AH..-/AHCm, is the ratio of the van't Hoff enthalpy to the calorimetric enthalpy. This should be 1 for a 2-state transition. AC, is the change in heat capacity that accompanies the thermal denaturation. g AAG; = AG," (mutant) -AC," (wild type), at the value of f1,2 for the wild-type protein (74.6"C).
uated only from the values observed in individual scans is subject to a large uncertainty.
The stability of the proteins toward denaturation by guanidinium hydrochloride (GuHC1) was also determined, again using CD to monitor the denaturation transition. Figure 7 shows GuHC1-induced denaturation curves, and Table 2 summarizes the calculated stability data. All the repacked proteins are apparently slightly less stable than wild-type Rop toward chemical denaturation. The observed behavior is not unique to GuHCI; similar results were obtained when urea was used as the denaturant.
It is noteworthy that other studies of sets of mutant proteins have shown a correlation between their thermal and chemical stabilities (Shortle et al., 1988; Kellis et al., 1989) . What might be the cause of the different result that we observe? At first, one might suggest that it is related to the increase in hydrophobic surface area exposed upon denaturation of the repacked mutants in comparison to the wild type (Shortle & Meeker, 1986) . However, the observation that a Rop variant in which only the 2 end layers are repacked (RoplS) displays the same decreased stability toward chemical denaturants as the fully repacked proteins, but is also slightly less thermally stable than wild type (T, 54.0 "C), argues against this explanation (data not shown).
To address this issue further, in addition to determining equilibrium stability data, we also compared the rates at which the wild-type and mutant proteins fold and unfold. We found that wild-type Rop folds and unfolds extremely slowly in comparison to other small proteins (Milla & Sauer, 1994 , and references therein). The inset of Figure 7 shows an example of wild-type protein unfolding in 4 M GuHCI. The half-life of the reaction is approximately 11 h. In contrast, the repacked proteins fold and unfold rapidly. At all concentrations of GuHCl tested, the repacked proteins reach equilibrium in the few seconds required to mix the samples and place them in the spectrometer. The dra- quired to make comparisons of the free energies of unfolding (AG) at a low temperature such as 25 "C. We therefore compared the changes in free energy, AAG," = AG," (mutant) -AG," (wild type), at the value of tl,2 for the wild-type protein, 74.6 "C, with AG,"(tl,2) = -RTl,2 1n[Plo for each protein, and the change in AG," with temperature calculated by means of the Gibbs-Helmholtz equation:
The values for AAG," thus calculated show that the repacked proteins, Ropl3 and Rop21, are substantially stabilized toward thermal denaturation compared to the wild-type protein. See Table 2. We should note that our results for wild-type Ropl 1 are in fair agreement with those published by Steif et al. (1993) , who used a buffer of much lower ionic strength than we did. The greatest difference is in ACD, which, as mentioned above, when eval- matic difference in the rates of folding and unfolding of the wild-type and repacked proteins suggests that the hydrophobic core of Rop plays a critical role in the rate-determining step of folding.
It should be noted that the slow folding and unfolding of wildtype Rop mean that it is essential to incubate GuHCl denaturation samples for at least 48 h before making equilibrium denaturation measurements. This observation provides an explanation for the results of Steif et al. (1993) , who reported, using 24-h equilibration times, that there was hysteresis between the GuHC1-induced folding and unfolding curves for wild-type Rop. They reported the midpoint of the unfolding transition as approximately 5.3 M and of the folding as approximately 2.5 M, at 19 "C with protein concentrations of 0.3 mg/mL. The hysteresis that they report is an artifact. We can reproduce their data if we use short equilibration times. However, if we allow the samples to equilibrate completely, the denaturation transition is fully reversible, with a midpoint of approximately 3.3 M for both the unfolding and folding transitions.
In the thermal denaturation experiments we believe that both the wild-type and repacked proteins reach equilibrium rapidly. The observation that the thermal denaturation curves for the wild-type and repacked proteins are completely reversible under the conditions used supports this conclusion. In addition, changing the scan rate in the DSC experiments had no effect on the results observed. Increasing the equilibration times in the CD thermal denaturation experiments from 2 to 10 min per "C caused the wild-type protein to denature irreversibly. Longer thermal equilibration times were therefore not pursued in the CD studies.
Discussion
We stressed in the introduction that an important aim of the redesigns is to create proteins that retain native-like properties. Several pieces of evidence support the conclusion that our repacked proteins are native-like, with no indication of molten globule character (Kuwajima, 1989 , and references therein).
First, the cooperativity of the repacked proteins' thermal denaturation transitions is comparable to that of wild-type Rop. This contrasts with the behavior of a molten globule, which typically shows a monotonic decrease in CD ellipticity with increasing temperature. Second, the thermal unfolding of a molten globule is accompanied by a small, if not zero, enthalpy change. The repacked proteins all have a significant enthalpy of denaturation, as determined by both van't Hoff and calorimetric analyses. Third, the cooperativity of the GuHC1-induced denaturation of the repacked proteins is comparable with that of wild-type Rop. By comparison, the cooperativity of the chemical denaturation transition of a molten globule tends to be lower than that of natural proteins. Finally, binding of the hydrophobic fluorescent dye 8-anilino-1-naphthalene sulfonate (ANS) can be used as a diagnostic test for the molten globule state. Wildtype or fully denatured proteins display low affinity for this dye, but it interacts strongly with the loosely packed hydrophobic core of molten globules. This interaction can be detected by the increase in fluorescence that occurs when the dye is bound. We tested the repacked proteins for their ability to bind ANS and found that none showed an enhancement of binding relative to wild-type Rop (data not shown).
In conclusion, we have demonstrated that it is possible to completely redesign and simplify the hydrophobic core of a protein. The repacked proteins not only fold into stable proteins with native-like structure and activity but are also more thermally stable than wild-type. Interestingly, the rates of folding and unfolding of the repacked proteins in the presence of GuHCl are greatly accelerated relative to the wild-type protein.
Further studies are in progress to investigate this phenomenon.
Materials and methods
Molecular modeling
The mutated side chains in each repacked protein were built into the wild-type structure using preferred side-chain dihedrals. After construction of this preliminary model, energy minimization using the program X-PLOR was performed (Briinger, 1992 Figure 3 . Note that the sequences listed here are actually 64 amino acids long; the final form of the protein is 63 amino acids long, because the N-terminal Met residue is completely removed by processing in the cell. This was demonstrated for all the proteins by N-terminal sequencing and amino acid analyses.
Protein purification
BL21(DE3) cells, freshly transformed with the appropriate plasmid, were grown to late log phase (Munson et al., 1994) . Protein expression was induced by addition of isopropyl-fl-D-thioga1-actopyranoside to a concentration of 1 mM, and growth was continued for a further 2.5 h. The bacteria were harvested by centrifugation and the pellets stored frozen. For purification, the pellets were thawed on ice, resuspended in 50 mM Tris-C1, pH 7.4, 2 mM EDTA, 0.02% sodium azide, 10 mM CaCI,, 1 mM dithiothreitol (DTT), and lysed by sonication. Nucleic acids were digested with 50 ng/mL staphylococcal nuclease at 4 "C for 1 h. After this treatment, insoluble material was removed by centrifugation at 15,000 rpm for 1 h. Supernatants containing the Rop protein were pooled and NaCl was added to a final concentration of 200 mM. The protein solution was loaded on a Sephadex DEAE column (Pharmacia) pre-equilibrated with 10 mM Tris, pH 8, 1 mM DTT, 200 mM NaCI. Bound protein was eluted with a gradient from 200 to 450 mM NaCI. Fractions containing Rop protein were pooled to give final protein stocks that were >%% pure on silver-stained polyacrylamide gels. The exact concentrations of protein stock solutions were determined by quantitative amino acid analysis. The yield 
Polyacrylamide gel electrophoretic mobility assay
The assays were performed either with unlabeled RNAI and RNAII, with the complexes visualized on a transilluminator after staining the gel with ethidium bromide, or by using radiolabeled RNA. For the latter method, RNAI (5'-GCACCGTTGGTAG CGGTGC-3') was kinased and labeled at the 5' end with Y -~~P -ATP, then mixed with an equal amount of unlabeled RNAII (5'-GCACCGCTACCAACGGTGC-3') to form a binary complex. Wild-type or mutant Rop protein was added to this complex, and the ternary complex was separated from the binary complex by polyacrylamide gel electrophoresis. The electrophoretic separation was performed at 4 "C using a 15% (75:l crosslinked) native polyacrylamide gel with 90 mM Tris-borate, 1 mM MgCl,, and 2.5% glycerol.
To determine binding constants, measurements were made at several protein concentrations and the amount of radioactivity in the bands corresponding to the bound and free RNA at each protein concentration was quantified using a phosphorimager. These data were used to calculate the relative dissociation constant for each protein, assuming a simple 1:l interaction with the RNA complex. The dissociation constant of the wild-type Rop-RNA complex is approximately M.
Thermal denaturation
Fractional ellipticity at 222 nm was measured as a function of temperature using an AVIV model 62DS CD spectropolarimeter (AVIV Instruments, Lakewood, New Jersey). The concentration of each protein was 20 pM in 100 mM sodium phosphate, pH 7, and 200 mM NaCl. The thermal melts were performed with 1 "C step size, 2 min of equilibration at each temperature, and an acquisition time of 1 min. Under these conditions the thermal denaturation transition of all the proteins is fully reversible. The repacked proteins melt at such high temperatures that it is not possible to satisfactorily baseline-correct these data. We therefore estimated melting temperatures (T,) by taking the first derivative of the uncorrected data and calculating the temperature at which the slope of the first derivative was a minimum.
Calorimetry
Some of the DSC measurements were made in a DASM-4 calorimeter (Biopribor, Puschino, Russia [Privalov, 19801) and some in an MC2 instrument (Microcal, Inc., Northhampton, Massachusetts). The 2 instruments gave essentially identical results. The protein samples were dialyzed into 100 mM Na phosphate containing 200 mM NaCl and 1 mM DTT at pH 7. A scan rate of 1 K min" was employed in most of the experiments. The data were analyzed in terms of the model heat. Significantly poorer fits were obtained if dissociation of the denatured protein was not included. Each protein, heated to about 90% completion of the unfolding transition, cooled, and reheated showed essentially complete reversibility. Scan rate variations gave no indication of the very slow equilibration observed with Ropl 1 undergoing GuHCl denaturation at lower temperatures.
Chemical denaturation
Fractional ellipticity at 222 nm was measured as a function of GuHCl concentration, using the spectropolarimeter described above. The concentration of each protein was 20 pM, in 100 mM Na phosphate, pH 7, 200 mM NaCl with the appropriate concentration of GuHCl at 25 "C. Samples of the wild type were allowed to equilibrate for at least 48 h and samples of the repacked proteins for at least 1 h before the measurements were made. Under these conditions, the denaturation transition was fully reversible for all the proteins.
Data were analyzed using the equation AGO, = AGO + mC,
where AGobs is the calculated free energy at a given concentration of denaturant, C ; AGO is the free energy in the absence of denaturant; and m is a constant, the magnitude of which is thought to be related to the amount of hydrophobic surface area exposed upon protein unfolding (Pace, 1986; Shortle & Meeker, 1986) . The data were well fit to the linear equation using the program Kaleidagraph (Synergy Software), with R > 0.995 in all cases.
ANS binding
Protein at a concentration of 0.1 mg/mL was mixed with 20 pM ANS and incubated for 30 min at room temperature. To measure fluorescence, the samples were excited at 400 nm and emission spectra were recorded between 410 and 600 nm. Measurements were made on a Fluoromax (SPEX, Edison, New Jersey) fluorimeter. As a control, we performed the same experiment with the native (pH 7) and the molten globule (pH 2) forms of staphylococcal nuclease. A dramatic increase in ANS fluorescence was detected only in the presence of the molten globule form of staphylococcal nuclease.
